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The Relationships between Muscle Weakness, Wheelchair 
Propulsion Technique and Upper Extremity Demand 
 
Jonathan Steven Slowik, Ph.D. 
The University of Texas at Austin, 2015 
 
Supervisor: Richard R. Neptune 
 
There are millions of individuals throughout the world that rely on manual 
wheelchair propulsion as their primary method of mobility. Due to the considerable 
physical demand of wheelchair propulsion, these individuals are at an increased risk of 
developing upper extremity pain and injuries that can lead to a progressive decline in 
independence and quality of life. The overall goal of this research was to use a 
combination of experimental analyses and forward dynamics simulation techniques to 
gain an increased understanding of the relationships between muscle weakness, 
wheelchair propulsion technique and upper extremity demand. 
In the first study, a set of simulations was used to investigate the compensatory 
mechanisms that result from weakness in specific muscle groups. The simulation results 
suggested that the upper extremity musculature is robust to weakness in individual 
muscle groups as other muscles were able to compensate and restore normal propulsion 
mechanics. However, high stress levels and potentially harmful shifts in power generated 
by the rotator cuff muscles were observed. Such overuse could lead to the development 
of pain and injury in these muscles, suggesting that rehabilitation programs should target 
strengthening these muscles. 
 viii 
In the second study, a set of objective quantitative parameters was developed to 
characterize kinematic hand patterns and assess the influence of propulsion speed and 
grade of incline on the patterns preferred by a group of 170 experienced manual 
wheelchair users. Increased propulsion speed resulted in a shift away from under-rim 
hand patterns while increased grade resulted in the hand remaining near the handrim 
throughout the propulsion cycle. These results identified how individuals modify their 
hand patterns in response to different propulsion conditions encountered in daily 
activities. 
In the third study, simulations of four commonly observed hand pattern types 
were generated. The simulations revealed the double loop and semi-circular patterns had 
the lowest overall muscle stress and total muscle power, suggesting that these hand 
patterns may reduce upper extremity demand. Together, the results of these studies have 
provided a scientific basis for designing rehabilitation and training programs aimed at 
reducing the prevalence of upper extremity injury and pain among individuals who use 
manual wheelchairs. 
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 1 
Chapter 1: Introduction 
In 2010, there were approximately 3.7 million individuals using wheelchairs in 
the United States (Brault, 2012). This number represents a 66% increase since 1997 
(Brault, 2008; Brault, 2012; McNeil, 2001; Steinmetz, 2006), and this rapid growth is 
expected to continue (e.g., Cooper et al., 2008). A large majority (~90%) of these 
individuals rely on manual wheelchair propulsion as their primary method of mobility 
(Kaye et al., 2000). While advancements in medical care and emerging assistive 
technologies have greatly improved life expectancy, activity levels and community 
involvement of these individuals (e.g., Cooper et al., 2008), the considerable physical 
demand placed on the upper extremity during manual wheelchair use can lead to upper 
extremity pain and injury (e.g., Requejo et al., 2008). 
It is estimated that over half of all manual wheelchair users will experience upper 
extremity pain and injury (e.g., PVACSCM, 2005), which can be highly debilitating and 
lead to a decrease in independence and quality of life (e.g., Gutierrez et al., 2007). The 
high prevalence of upper extremity pain and injury among this population is likely 
influenced by the high physical demands of manual wheelchair propulsion (e.g., Requejo 
et al., 2008), as significant intermuscular coordination is required to generate the 
mechanical power necessary to propel the wheelchair while maintaining joint stability 
(e.g., Rankin et al., 2012; Rankin et al., 2011; van der Helm and Veeger, 1996). 
While the exact relationship between the physical demands of wheelchair 
propulsion and upper extremity demand is not yet fully understood, ergonomics studies 
consistently suggest that there is a link between highly repetitive tasks and the occurrence 
of upper extremity pain and injury (e.g., Boninger et al., 2005). Many of these studies 
specifically discourage tasks with high frequency and force requirements. Manual 
 2 
wheelchair propulsion typically involves cadences and handrim forces (e.g., Boninger et 
al., 2002) that far exceed suggested thresholds in the ergonomics literature (e.g., 
Silverstein et al., 1987). As risk indicators for upper extremity pain and injury, large-
scale variables such as cadence and peak handrim force are commonly used as indirect 
measures of upper extremity demand (e.g., Boninger et al., 2002; Kwarciak et al., 2012). 
The widespread use of these variables is also likely due to the difficulty in obtaining 
more direct measures such as muscle and joint forces (e.g., Erdemir et al., 2007). Even 
when inverse dynamics modeling techniques have been used, the redundancy of the 
upper extremity musculature and the absence of the nonlinear muscle dynamics in the 
model make it difficult to ascertain individual muscle forces (Zajac et al., 2002). In 
addition, while the use of electromyographic data does provide insight into the timing of 
individual muscle activity (e.g., Mulroy et al., 1996), the complex nonlinear relationships 
between muscle excitation signals and individual muscle forces complicates analyses and 
limits the conclusions that can be drawn from such studies. 
In contrast, forward dynamics modeling and simulation techniques can provide a 
powerful framework for examining the biomechanics of a task at the individual muscle 
level (Erdemir et al., 2007). These techniques have previously been used to analyze a 
wide range of human movement tasks such as gait (e.g., Hamner et al., 2010; Liu et al., 
2006; Sasaki and Neptune, 2006) and pedaling (e.g., Hakansson and Hull, 2007; Neptune 
et al., 2000). In addition, recent studies have demonstrated how the application of these 
techniques can add to the current understanding of the biomechanics of manual 
wheelchair propulsion. One such study identified individual muscle contributions to 
manual wheelchair propulsion (Rankin et al., 2011), while others have used simulation to 
identify how adjusting seat position (Slowik and Neptune, 2013), direction of handrim 
force application (Rankin et al., 2010) and propulsion technique (i.e., cadence, peak force 
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and contact angle; Rankin et al., 2012) can influence direct measures of upper extremity 
demand (e.g., muscle stresses and powers). 
Simulation techniques could therefore be very useful in identifying the influence 
of individual muscle weakness on upper extremity demand. The relative levels of 
individual muscle strengths (i.e., force-generating capacities) can be affected by a variety 
of factors, including injury level (e.g., van Drongelen et al., 2006) and fatigue (e.g., 
Kumar, 2001). Due to the redundancy of the upper extremity musculature, different 
combinations of muscle forces can produce identical propulsion mechanics (i.e., joint 
kinematics and handrim forces), and muscle strength differences likely influence which 
combination is selected (e.g., Erdemir et al., 2007). Some combinations of muscle forces 
may place the upper extremity at a greater risk of developing pain and injury (e.g., van 
Drongelen et al., 2013), so it is critical to understand how weakness in specific muscle 
groups can lead to shifts in individual muscle contributions to upper extremity demand. 
Therefore, the goal of the study in Chapter 2 was to use musculoskeletal modeling and 
forward dynamics simulations of wheelchair propulsion to identify the compensatory 
strategies necessary to overcome weakness in specific muscle groups and restore 
propulsion mechanics. Such an analysis would illustrate shifts in upper extremity demand 
that may occur during manual wheelchair propulsion without measureable differences in 
technique and provide a foundation for the design of targeted muscle strengthening 
programs. 
While manual wheelchair users can overcome impairments by using different 
combinations of muscle forces to produce similar propulsion mechanics, individuals may 
also alter their propulsion technique. Studies have shown that manual wheelchair users 
can use a number of different propulsion techniques to accomplish the same task because 
propulsion mechanics are largely unconstrained (e.g., Vegter et al., 2014). Although 
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manual wheelchair propulsion requires application of a propulsive force to the handrim 
during the contact phase, individuals can choose a variety of kinematic paths along which 
to return the hand during the recovery phase (e.g., de Groot et al., 2004). Thus, 
propulsion technique can be characterized by the kinematic hand pattern (i.e., full-cycle 
hand path), which is commonly assigned to one of four distinct pattern types (Fig. 1.1): 
arcing (AR), single loop (SL), double loop (DL) and semi-circular (SC) (e.g., Boninger et 
al., 2002). 
 
 
Figure 1.1: Hand pattern definitions. The four common hand pattern types are arcing 
(AR), single loop (SL), double loop (DL) and semi-circular (SC). The solid 
line denotes the contact phase, while the dashed line denotes the recovery 
phase. The arrows indicate the direction of hand motion and the direction of 
propulsion is to the right. 
 
Previous studies have primarily used subjective and qualitative methods to 
classify hand patterns, which has led to inconsistencies between studies when hybrid 
patterns are encountered (i.e., patterns with features similar to multiple hand pattern 
types) (e.g., Koontz et al., 2009). In addition, this broad categorization ignores all 
differences between patterns of the same type. Thus, hand pattern characterization could 
be improved by addressing these limitations. 
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Although individuals typically develop a preferred hand pattern for level 
propulsion at their self-selected speed, they may modify their propulsion technique in 
response to changes in task demands, such as speed (Boninger et al., 2002) or grade of 
incline (Richter et al., 2007). As manual wheelchair users frequently encounter different 
propulsion conditions during activities of daily living, it is important to understand the 
influence of these conditions on propulsion technique. Therefore, the goal of the study in 
Chapter 3 was to develop a set of objective, quantitative parameters to characterize hand 
patterns and determine the influence of propulsion condition (i.e., speed and grade of 
incline) on the hand patterns preferred by manual wheelchair users. 
While the study in Chapter 3 identified the influence of speed and grade on 
preferred hand patterns, the next step was to assess whether there are any potential 
biomechanical advantages or disadvantages of one pattern type over the others. Current 
clinical guidelines recommend the use of the SC pattern (PVACSCM, 2005), citing 
advantageous levels of large-scale biomechanical variables (e.g., low cadence and low 
peak forces). However, it would be beneficial to understand how the different hand 
patterns influence direct measures of upper extremity demand (e.g., required muscle 
power and muscle stress). A detailed understanding of these differences could help 
identify potential injury risks and reduce the development of pain by providing a 
foundation for clinical recommendations and propulsion training programs. Therefore, 
the goal of the study in Chapter 4 was to use musculoskeletal modeling and forward 
dynamics simulations to investigate the influence of wheelchair propulsion hand pattern 
on upper extremity demand. 
The overall goal of these studies was to combine experimental analyses with 
modeling and simulation techniques to gain an increased understanding of the 
relationships between muscle weakness, wheelchair propulsion technique and upper 
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extremity demand. Understanding these relationships has implications for the design of 
rehabilitation and propulsion training programs aimed at minimizing the development of 
pain and injury in manual wheelchair users. 
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Chapter 2: Compensatory Mechanisms during Manual Wheelchair 
Propulsion in Response to Weakness in Individual Muscle Groups 
 
INTRODUCTION 
Over half of all manual wheelchair users will develop upper extremity pain and 
injury at some point in their lifetime (e.g., Finley and Rodgers, 2004), which can be 
highly debilitating and lead to a decrease in independence and quality of life (e.g., 
Gutierrez et al., 2007). This high incidence of pain and injury is correlated with the 
considerable physical demand placed on the upper extremity during wheelchair 
propulsion (e.g., Curtis et al., 1999), as significant intermuscular coordination is needed 
to generate the mechanical power necessary to propel the wheelchair while maintaining 
joint stability (e.g., Rankin et al., 2012; Rankin et al., 2011; van der Helm and Veeger, 
1996). 
Due to the mechanical redundancy of the musculoskeletal system, many different 
combinations of muscle forces can produce the same net joint moments and generate the 
required mechanical power (e.g., Pandy and Andriacchi, 2010). Although there is some 
uncertainty in how the neuromuscular system resolves muscle redundancy to perform a 
given movement task, most theories suggest that the relative levels of force-generating 
capacity in individual muscles influence the selection (Erdemir et al., 2007). Muscle 
weakness (or decrease in the capacity to generate force) can be influenced by a number of 
factors including fatigue and neurological deficits (Requejo et al., 2008). 
Muscle fatigue can result from a number of mechanisms, but it is generally 
quantified as a transient reduction in the force capacity of a muscle due to sustained 
physical activity (Enoka and Duchateau, 2008). In order to fulfill specific task 
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requirements, fatigue may occur at different rates in individual muscles and resulting 
fatigue-related changes in musculoskeletal loading may lead to injury (Kumar, 2001). 
However, the overall effect of fatigue on wheelchair propulsion biomechanics is not well 
understood, as one study concluded that fatigue may lead to potentially harmful changes 
in propulsion mechanics (Rodgers et al., 1994) while others have suggested that during 
an extended period of propulsion, individuals may actually make beneficial adjustments 
to their propulsion mechanics to mitigate the increased risk of injury (Rice et al., 2009). 
Inverse dynamics-based analyses have found that during manual wheelchair propulsion, 
the highest net joint moments and powers are generated at the shoulder, suggesting that 
the shoulder joint may be the most at risk for overuse injury (e.g., Rodgers et al., 1994; 
Veeger et al., 1991). These analyses also identified small fatigue-related shifts in joint 
power from the shoulder to more distal joints (Rodgers et al., 2003). Recently, a study 
found that electromyography intensity increases with fatigue and suggested that fatigue 
could contribute to imbalances between the propulsive and recovery phase muscles (Qi et 
al., 2012). However, the effect of fatigue in individual muscles on propulsion mechanics 
has remained relatively unexplored. 
Muscle weakness can also result from neurological deficiencies due to injury or 
disease and ensuing neuromuscular changes, such as denervation and atrophy (e.g., 
Thomas and Zijdewind, 2006). Furthermore, the breadth and magnitude of these 
reductions can vary based on the specific impairment or injury level. For example, a 
person with paraplegia will likely be able to produce larger forces with their triceps and 
pectoralis major muscles than a person with tetraplegia (e.g., van Drongelen et al., 2006). 
However, despite these differences, shoulder joint kinematic patterns and net joint 
moments during wheelchair propulsion have been shown to be remarkably similar across 
different spinal cord injury levels (Kulig et al., 2001; Newsam et al., 1999). 
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Although muscle redundancy may minimize the effect of individual muscle 
weakness on propulsion mechanics, it is important to understand the potential 
compensatory mechanisms used by the neuromuscular system, as the resulting 
combinations of muscle forces may put the upper extremity at a higher risk for the 
development of pain and injury. The potential for injury has been illustrated in previous 
studies showing that larger forces from the deltoid relative to the humeral head 
depressors (i.e., rotators and adductors) may lead to subacromial impingement (e.g., 
Burnham et al., 1993; Sharkey and Marder, 1995) and that other unbalanced 
combinations of forces can lead to dislocation (Labriola et al., 2005). 
To gain an increased understanding of intermuscular coordination during 
wheelchair propulsion, forward dynamics simulations have been shown to be an effective 
tool (e.g., Zajac et al., 2002). Potential compensatory strategies in response to individual 
muscle weakness can be revealed through analyzing the resulting shifts in individual 
muscle activation or power generation. A similar approach has previously been used to 
determine the effect of muscle weakness during steady-state walking (Goldberg and 
Neptune, 2007; Jonkers et al., 2003; van der Krogt et al., 2012). Forward dynamics 
simulations can also be used to examine specific measures of upper extremity demand, 
such as muscle stress, to help identify muscles that may be placed at risk for overuse 
injuries (Rankin et al., 2012). 
Therefore, the purpose of this study was to use musculoskeletal modeling and 
forward dynamics simulations of wheelchair propulsion to identify the compensatory 
strategies necessary to overcome weakness in individual muscle groups and highlight 
those strategies that could lead to the development of upper extremity pain and injury. 
The results of this study can provide rationale for the design of targeted rehabilitation 
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programs aimed at minimizing the development of pain and injury in manual wheelchair 
users. 
 
METHODS 
Musculoskeletal model 
The upper extremity musculoskeletal model and dynamic optimization framework 
used in this study to generate the simulations of manual wheelchair propulsion have been 
previously described in detail (Rankin et al., 2010; Rankin et al., 2011). The 
musculoskeletal model was developed using SIMM (Musculographics, Inc., Santa Rosa, 
CA, USA) based on the work of Holzbaur et al. (2005) and consisted of segments 
representing the trunk and right upper arm, forearm and hand. There were six rotational 
degrees-of-freedom representing trunk lean, shoulder plane-of-elevation, shoulder 
elevation angle, shoulder internal-external rotation, elbow flexion-extension and forearm 
pronation-supination. Shoulder angles were thoracohumeral angles, while 
scapulohumeral rhythm was defined using regression equations based on cadaver data (de 
Groot and Brand, 2001). Full-cycle trunk lean and contact phase hand translations were 
prescribed based on experimentally measured kinematic data. The dynamic equations-of-
motion were generated using SD/FAST (Parametric Technology Corp., Needham, MA, 
USA). Twenty-six Hill-type musculoskeletal actuators, governed by intrinsic muscle 
force-length-velocity and tendon force-strain relationships, represented the major upper 
extremity muscles crossing the shoulder and elbow joints (e.g., Slowik and Neptune, 
2013). Each actuator received a distinct excitation signal except the two sternocostal 
pectoralis major actuators, the three latissimus dorsi actuators, and the two actuators 
representing the lateral triceps and anconeus. Within each of these groups, the actuators 
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received the same excitation signal. Muscle excitation-activation dynamics were modeled 
using a first order differential equation (Raasch et al., 1997) with muscle-specific 
activation and deactivation time constants (Happee and van der Helm, 1995; Winters and 
Stark, 1988). The musculotendon lengths and moment arms were determined using 
polynomial regression equations (Rankin and Neptune, 2012) and the product of the 
appropriate muscle moment arm and force determined the muscle moment that was 
applied to each joint. In addition, passive torques were applied at the joints to represent 
ligaments and other passive joint structures that limit extreme joint positions (Davy and 
Audu, 1987). 
 
Simulation and optimization framework 
Each muscle excitation pattern was generated using a bimodal pattern defined by 
six parameters (Hall et al., 2011), resulting in a total of 132 optimization parameters. A 
simulated annealing optimization algorithm (Goffe et al., 1994) was used to identify the 
excitation parameters that produced a simulation that best emulated the group-averaged 
experimental propulsion data (i.e., joint angle and 3D handrim force profiles; see 
Experimental data below) using an optimal tracking cost function (Neptune et al., 2001). 
An additional term was included in the cost function that minimized the square of muscle 
stress to prevent excess co-contraction. 
Based on a combination of anatomical location and muscle function, the 
musculotendon actuators were assigned to 12 muscle groups for analysis (Table 2.1). An 
initial simulation was generated using a set of baseline isometric muscle force values 
derived from anatomical studies (Holzbaur et al., 2005; Table 2.1). These values were 
then systematically reduced by 50% one group at a time with the remaining groups left 
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unaltered. The excitation pattern of the weakened group was constrained to remain at the 
baseline values so that it could not compensate for itself, and the muscle excitation 
patterns of the remaining groups were re-optimized in order to restore the propulsion 
mechanics that emulated the experimental propulsion data, resulting in an additional 12 
simulations. 
 
Experimental data 
To provide tracking data for the dynamic optimization, experimental data from 
twelve experienced male manual wheelchair users with complete motor paraplegia and 
free of shoulder pain (Table 2.2) were used. The subjects were recruited from outpatient 
clinics throughout the Rancho Los Amigos National Rehabilitation Center (RLANRC). 
The participants provided informed written consent in accordance with the Institutional 
Review Board at RLANRC. Participants propelled their own wheelchair at a self-selected 
speed on a stationary ergometer with the resistance level set similar to overground 
propulsion (e.g., Raina et al., 2012). Subjects were allowed to acclimate until they felt 
comfortable, and a ten-second trial (preceded by at least 30 seconds of propulsion to 
ensure near steady-state propulsion) was recorded. Trunk, right side upper extremity and 
wheel kinematics were collected using a 4-scanner CODA motion analysis system 
(Charnwood Dynamics Ltd., Leicestershire, UK) with 15 markers placed on landmarks 
on the body and right wheel (e.g., Lighthall-Haubert et al., 2009). Three-dimensional 
handrim kinetics were measured using an instrumented wheel (SmartWheel; Three Rivers 
Holdings, Mesa, AZ, USA). 
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Table 2.1: Upper extremity muscle and group definitions. 
Muscle 
Group 
Muscle Compartment Abbreviation 
Maximum 
Isometric Force 
(N) 
ADelt 
Deltoid 
Anterior DELT1 1142.6 
MDelt 
Middle DELT2 1142.6 
Posterior DELT3 259.9 
Subsc Subscapularis ---------------------- SUBSC 1377.8 
Supra Supraspinatus ---------------------- SUPSP 487.8 
Infra 
Infraspinatus ---------------------- INFSP 1210.8 
Teres Minor ---------------------- TMIN 354.3 
PecMaj 
Pectoralis major 
Clavicular head PECM1 364.4 
Sternocostal head - 
sternum 
PECM2 515.4 
Sternocostal head - 
ribs 
PECM3 390.6 
Coracobrachialis ---------------------- CORB 242.5 
Lat 
Latissimus dorsi 
Thoracic LAT1 389.1 
Lumbar LAT2 389.1 
Iliac LAT3 281.7 
Teres Major ---------------------- TMAJ 425.4 
Tri 
Triceps brachii 
Long head TRIlong 798.5 
Medial head TRImed 624.3 
Lateral head TRIlat 624.3 
Anconeus ---------------------- ANC 350.0 
Bra 
Brachialis ---------------------- BRA 987.3 
Brachioradialis ---------------------- BRD 261.3 
Bic Biceps brachii 
Long head BIClong 624.3 
Short head BICshort 435.6 
Sup Supinator ---------------------- SUP 476.0 
Pro 
Pronator teres ---------------------- PT 566.2 
Pronator quadratus ---------------------- PQ 75.5 
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Table 2.2: Individual and group-averaged subject and propulsion characteristics. 
Subject characteristics Propulsion characteristics 
Subject 
Age 
(yr) 
Time 
from 
injury 
(yr) 
Height 
(m) 
Mass 
(kg) 
Full- 
cycle 
time (s) 
Contact 
phase time 
(s) 
Propulsion 
speed (m/s) 
1 26.7 4.6 1.68 69.7 0.79 0.28 1.95 
2 29.6 9.7 1.75 95.3 1.20 0.48 1.10 
3 43.0 16.4 1.75 53.5 0.91 0.35 1.21 
4 39.6 15.5 1.70 86.0 0.96 0.36 1.45 
5 21.9 6.6 1.83 68.0 1.21 0.33 1.69 
6 43.5 16.8 1.73 62.5 1.08 0.36 1.14 
7 25.7 2.4 1.73 74.9 1.29 0.37 1.85 
8 28.5 6.0 1.73 97.7 1.15 0.38 1.22 
9 30.3 15.8 1.68 61.4 1.30 0.48 1.08 
10 20.6 2.8 1.85 91.2 1.02 0.35 1.32 
11 37.5 15.5 1.70 74.0 1.10 0.44 0.99 
12 32.1 16.9 1.73 88.4 1.18 0.41 0.85 
Average 31.6 10.7 1.74 76.9 1.10 0.38 1.32 
 
Kinematic and kinetic data were low-pass filtered with a fourth-order zero-lag 
Butterworth filter with cutoff frequencies of 4 Hz and 8 Hz, respectively, using Visual3D 
(C-Motion, Inc., Germantown, MD, USA). A resultant handrim force threshold of 5N 
was used to delineate between contact and recovery phases. Contact and recovery phase 
data for each cycle were time-normalized and averaged across propulsion cycles within 
each subject. Mean subject data were then averaged across subjects to create group-
averaged joint angle and 3D handrim force profiles. 
 
Analysis 
Two consecutive propulsion cycles were simulated and the second cycle was 
analyzed to allow the simulations to reach steady-state. Average differences from 
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experimental data were calculated to assess how well each simulation tracked the 
experimental data. Individual muscle data were analyzed over the full propulsion cycle 
(contact and recovery). To quantify muscle contributions to propulsion, instantaneous 
mechanical power was calculated for each muscle at each time step and summed within 
each muscle group. Mean positive (negative) power generation was calculated by 
averaging the instantaneous positive (negative) power across time steps, and then total 
(i.e., absolute value sum) mean power was calculated for each muscle group. Muscle 
stress was calculated as the instantaneous muscle force at each time step divided by the 
physiological cross-sectional area and then normalized by the maximum possible 
isometric stress. This measure of normalized muscle stress is also equivalent to the ratio 
of the muscle force to the maximum isometric muscle force. Peak and average stress 
values over the full propulsion cycle were calculated to identify muscle groups that may 
be at risk for overuse injuries. 
 
RESULTS 
All 13 simulations resulted in propulsion mechanics that closely emulated the 
group-averaged experimental joint kinematics and handrim forces (e.g., Fig. 2.1), with 
average differences of 0.8° and 1.0 N, respectively (Table 2.3). All root-mean-square 
(RMS) differences between the simulated and group-averaged experimental mechanics 
were well within one standard deviation (SD) of the experimental data. The maximum 
SD-normalized RMS difference (0.37) corresponded to forearm pronation/supination 
when the pronator group (Table 2.3: Pro) was weakened. Additional figures comparing 
the simulation and experimental data can be found in the supplementary material in 
Appendix A. 
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Figure 2.1: Comparison between the baseline simulation and group-averaged experimental mechanics. Experimental and 
simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of the 
experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with a 
vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
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Table 2.3: Root-mean-square differences between the simulated mechanics and group-averaged experimental mechanics. 
For comparison, one standard deviation (SD) of the experimental data is provided to indicate the inter-subject 
variability. 
 
 
 
 18 
Muscle power 
In general, weakness in individual muscle groups was compensated for by power 
increases from synergistic groups and decreases from antagonistic groups (Tables 2.4 and 
2.5). The largest power shifts occurred among the shoulder muscles. The largest 
individual compensation occurred in ADelt due to Supra weakness, while the next largest 
compensation also occurred in ADelt but in response to PecMaj weakness. The third 
largest compensation occurred in MDelt due to Subsc weakness. 
 
Muscle stress 
In the baseline simulation, Subsc experienced the highest full-cycle average stress 
of any muscle group while Supra experienced the second highest level (Fig. 2.2). Supra 
also experienced the highest full-cycle maximum stress of any muscle group while Infra 
experienced the second highest level. On an individual muscle level, subscapularis 
(SUBSC) experienced the highest average stress and teres minor (TMIN) experienced the 
highest maximum stress, while supraspinatus (SUPSP) and pronator quadratus (PQ) 
experienced high levels (both average and maximum). 
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Table 2.4: Total muscle power shifts between muscle groups. Color gradient from red (increase) to green (decrease) 
represents the change in total muscle power. (For interpretation of the references to color, the reader is referred to 
the web version of this article). Italics denote a shift greater than 1.50 W. 
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Table 2.5: Muscle group power compensations. Key compensations were defined to be 
those that accounted for at least ten percent of the total magnitude of power 
shifts that resulted from a muscle group being weakened. 
Muscle Group Weakened 
Key Compensations 
Increased Power Decreased Power 
ADelt PecMaj, Lat ----- 
MDelt Lat, Infra, Subsc ----- 
Subsc MDelt, Lat ----- 
Supra ADelt, Lat ----- 
Infra MDelt, Supra, PecMaj ----- 
PecMaj ADelt ----- 
Lat MDelt, PecMaj ----- 
Tri ADelt, MDelt Bic 
Bra Lat Tri 
Bic Bra, ADelt ----- 
Sup Bic, PecMaj ADelt, Tri 
Pro Bra, PecMaj Bic, Tri 
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Figure 2.2: Baseline simulation average and maximum stress values over the full cycle 
for the individual muscles. The thick black boxes correspond to the average 
value for the muscle group. 
 
In general, when individual muscle groups were weakened, the shifts in stress 
levels (Tables 2.6 and 2.7) corresponded to the shifts in muscle power contributions 
(Table 2.4). Muscle groups that compensated with increased muscle power generally 
experienced an increase in stress while muscle groups that compensated by decreasing 
their power also saw a decrease in stress. Across simulations, the rotator cuff muscle 
groups (i.e., Subsc, Supra and Infra) were consistently among the muscle groups with the 
highest stress levels (Tables 2.6 and 2.7). 
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Table 2.6: Average stress values over the full cycle for the individual muscle groups. Columns correspond to the different 
simulations (i.e., the weakened muscle groups). Color gradient from light (low) to dark (high) represents the 
average stress levels. 
 
 
  
 23 
Table 2.7: Maximum stress values over the full cycle for the individual muscle groups. Columns correspond to the different 
simulations (i.e., the weakened muscle groups). Color gradient from light (low) to dark (high) represents the 
maximum stress levels. 
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DISCUSSION 
For all the simulations, the optimization framework was able to identify muscle 
excitation patterns that produced propulsion mechanics that emulated well the group-
averaged experimental data. The simulation tracking performance illustrates the ability of 
the upper extremity muscles to compensate for weakness in individual muscle groups and 
produce normal (group-averaged) propulsion mechanics. 
 
Muscle power 
The deltoid and rotator cuff muscle groups (i.e., ADelt, MDelt, Subsc, Supra and 
Infra) were among the largest contributors to propulsion. These muscles have also been 
highlighted as key contributors to generating needed mechanical power in previous 
simulation (e.g., Rankin et al., 2011) and experimental (e.g., Mulroy et al., 1996) 
analyses. The large power shifts observed between these muscle groups suggest that they 
can compensate for each other to restore normal propulsion mechanics, which is 
consistent with investigations that have found these muscle groups to have similar and 
overlapping functional capabilities (e.g., Escamilla et al., 2009; Liu et al., 1997). 
Although the deltoid and rotator cuff muscles can produce similar moments about 
the shoulder, they do so with different combinations of force vectors and moment arms 
(e.g., Fig. 2.3). Therefore, shifts in contribution between these muscle groups could 
potentially decrease joint stability and increase injury risk. A previous study investigating 
the effects of rotator cuff tears highlighted this injury mechanism using an inverse 
dynamics-based model (van Drongelen et al., 2013). The investigators found that rotator 
cuff tears, simulated by eliminating the force-generating capacity of the individual 
muscles, can lead to increased deltoid activity and a more superiorly-directed 
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glenohumeral contact force during wheelchair propulsion. This force vector alteration can 
initiate an injury mechanism in which the humeral head migrates upward into the 
subacromial space causing rotator cuff impingement. Superior migration of the humeral 
head after rotator cuff fatigue has also been shown using experimental measurements 
(e.g., Teyhen et al., 2008). 
 
 
Figure 2.3: Moment (M) created by the forces generated by supraspinatus (SUPSP) and 
anterior deltoid (DELT1). While both muscles can produce an abduction 
moment, the supraspinatus force draws the humeral head towards the 
glenoid fossa while the anterior deltoid provides a more superiorly directed 
force. 
 
The thoracohumeral depressors (i.e., PecMaj and Lat) are capable of 
counteracting this superior humeral head migration and increasing joint stability by 
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drawing the humeral head towards the glenoid fossa (e.g., Oh et al., 2011), with the 
smaller negative side effect of increased co-contraction due to the associated adduction 
moment (Steenbrink et al., 2009). Therefore, compensations involving the 
thoracohumeral depressors are likely preferable compared to those dominated by the 
deltoid. The distinctions between ADelt and PecMaj in particular may be important as 
our results also showed that these muscles compensate for each other to provide much of 
the power required to propel the wheelchair during the push phase. 
 
Muscle stress 
The rotator cuff muscles experienced high stress values in the various simulations, 
which is consistent with previous inverse dynamics-based analyses (Lin et al., 2004; 
Veeger et al., 2002). These results are also consistent with previous studies suggesting 
that the rotator cuff muscles are highly active during wheelchair propulsion (e.g., Mulroy 
et al., 1996; Rankin et al., 2011) and susceptible to fatigue (Newsam et al., 2008). High 
stress levels could also lead to rotator cuff degeneration and tearing (e.g., Nho et al., 
2008), which could further contribute to the power shifts observed in the previous 
section. 
Although Pro experienced high stress levels, it also had the lowest muscle power 
contributions. The high stress levels were primarily due to the relatively small size of 
these muscles and lack of synergistic muscles to help compensate. The possibility of 
reducing the amount of pronation while still achieving the propulsive task (e.g., Newsam 
et al., 1999), along with the low occurrence of pronator injuries and the inherent stability 
of the pronation/supination degree-of-freedom, suggests that the associated injury risk is 
much lower for Pro compared to the rotator cuff muscles. 
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Clinical implications 
Manual wheelchair users have an elevated risk of rotator cuff injury with tears of 
the supraspinatus tendon being especially common (Morrow et al., 2014). Glenohumeral 
joint biomechanics can be affected by rotator cuff injuries and have been found to be 
critically altered when there is a complete supraspinatus tear (Oh et al., 2011). Rotator 
cuff injuries are produced by a combination of factors such muscle stress, overuse and 
extrinsic mechanisms such as impingement (Seitz et al., 2011). Therefore, strengthening 
of the rotator cuffs muscles and supporting muscles whose contributions do not increase 
the risk for impingement (i.e., the thoracohumeral depressors) has the potential to reduce 
the development of shoulder pain and injury.  
 
Study limitations 
A potential limitation in this study is that the experimental data was collected on a 
calibrated wheelchair ergometer rather than overground. However, while stationary 
propulsion simulators do not perfectly replicate overground propulsion, they provide 
greater control over experimental variables in a laboratory setting while still resulting in 
propulsion mechanics consistent with overground propulsion (Koontz et al., 2012). Thus, 
the advantage of having steady-state data was deemed to outweigh the limitations the 
ergometer data may present. Another limitation is that the musculoskeletal model did not 
include the wrist muscles and the joint was fixed in the anatomical position, thus 
reducing the ability of the hand to produce a pure moment at the handrim. However, wrist 
moments are generally small relative to shoulder and elbow moments (e.g., Robertson et 
al., 1996; Sabick et al., 2004). In addition, the consistency of the model across all 
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simulations and the requirement that final optimized simulations produce the same 
experimental joint kinematics and handrim forces minimize the effect of the fixed wrist 
on the other joints and the study conclusions. 
A final limitation is that the compensatory strategies identified by the simulations 
are not the only ones possible. While the identified strategies restore the group-averaged 
propulsion mechanics while minimizing excess co-contraction, the specific compensatory 
strategy used by an individual may be influenced by subject-specific differences in 
muscle capacities and preferred propulsion technique. In addition, it is possible that a 
subject would modify their propulsion mechanics in response to individual muscle 
weakness instead of seeking to maintain their original pattern. An interesting future study 
would be to assess the influence of individual muscle weakness on propulsion mechanics.  
 
CONCLUSIONS 
In summary, this study details the effects of individual muscle weakness during 
manual wheelchair propulsion and highlights the potential risks for the development of 
upper extremity pain and injury. Despite significant reductions in individual muscle 
strength, wheelchair propulsion mechanics were able to be restored through 
compensations from other muscle groups. The largest intermuscular compensations 
occurred within the shoulder muscles. The simulation results indicate that the deltoid and 
rotator cuff muscles can produce moments to compensate for each other. However, shifts 
between these muscles may compromise glenohumeral stability and lead to impingement 
or other similar injuries. Stability can be increased through additional contributions from 
the thoracohumeral depressors, but with the possible consequence of increased co-
contraction. The rotator cuff muscles also experienced many of the highest stress levels 
 29 
across simulations, further highlighting their susceptibility to fatigue and injury. These 
results highlight the importance of strengthening the rotator cuff muscles and supporting 
muscles whose contributions do not increase the risk for impingement (i.e., the 
thoracohumeral depressors) in rehabilitation interventions aimed at minimizing the risk of 
upper extremity injury in manual wheelchair users. 
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Chapter 3: The Influence of Speed and Grade on Wheelchair 
Propulsion Hand Pattern 
INTRODUCTION 
The manual wheelchair propulsion cycle can be divided into contact and recovery 
phases (e.g., Kwarciak et al., 2009). During the contact phase, the user delivers 
mechanical power to the wheelchair via contact with the handrim and consequently the 
hand is constrained to the handrim. During the recovery phase, the user repositions the 
arm and hand in preparation for the next stroke. The hand is far less constrained during 
the recovery phase and can follow any number of paths in preparation for the next cycle. 
This relative freedom leads to a wide spectrum of possible hand patterns (i.e., full-cycle 
hand paths) that are frequently classified into four pattern types based on the shape of 
their projection onto the plane of the handrim (Fig. 3.1): arcing (AR), single loop (SL), 
double loop (DL) and semi-circular (SC) (e.g., Boninger et al., 2002). DL and SC are 
sometimes grouped together and designated as under-rim patterns, which is a term 
describing the location of the hand just prior to initiation of contact with the handrim 
(Kwarciak et al., 2009). As the movement of the hand is closely linked with propulsion 
mechanics, the hand pattern is a clinically visible indicator that can provide insight into 
an individual’s propulsion technique (e.g., Shimada et al., 1998).  
Previous studies classifying hand patterns have primarily used subjective and 
qualitative methods (e.g., de Groot et al., 2008; Shimada et al., 1998). However, hybrid 
patterns occur and the lack of objective methods to classify them can lead to 
inconsistencies between studies (Koontz et al., 2009). Early studies relied on a single 
rater system (e.g., Boninger et al., 2002), but recent investigations have attempted to 
minimize the influence of subjectivity by using a multiple rater classification procedure 
(Koontz et al., 2009; Kwarciak et al., 2012). One study used a set of quantitative 
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parameters and data clustering techniques to distinguish between pattern types (Aissaoui 
and Desroches, 2008). However, while their investigation revealed four distinct pattern 
types, three resembled variants of AR and the fourth resembled SL. None of their 
identified patterns resembled SC or DL, despite the prevalence of these patterns in other 
studies. A more recent study attempted to characterize hand patterns using a complex set 
of quantitative parameters such as maximum length and height (Stephens and Engsberg, 
2010). However, they did not attempt to use these parameters to distinguish between 
pattern types, instead relying on typical subjective classification methods. 
Most hand pattern studies have focused on level propulsion at a self-selected 
speed. However, daily living activities often require an individual to propel their 
wheelchair under more intense conditions (e.g., at a higher speed or up a graded surface) 
that may place the upper extremity at a higher risk for injury. Both speed and grade have 
been shown to influence propulsion spatiotemporal characteristics (e.g., van der Woude 
et al., 1988), joint kinetics (Kulig et al., 1998) and muscle activity (e.g., Chow et al., 
2009). However, studies investigating their influence on hand patterns have been limited. 
One study has suggested that an increase in propulsion speed may lead to fewer 
individuals selecting an under-rim hand pattern (Boninger et al., 2002). Others have 
suggested that individuals may be more likely to use AR when encountering a higher 
grade of incline (Richter et al., 2007), with the investigators attributing this preference to 
previous results suggesting that AR may be the most biomechanically efficient pattern 
(de Groot et al., 2004). However, as these studies specified hand pattern solely as a 
categorical variable, changes in patterns could only be quantified by the number of 
individuals that crossed a subjective threshold between patterns. 
The purpose of this study was to develop a set of objective quantitative 
parameters to characterize hand patterns and determine the influence of propulsion speed 
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and grade of incline on the patterns preferred by manual wheelchair users. Based on 
previous study observations, we hypothesized that (1) increased propulsion speed would 
result in a shift away from under-rim patterns (DL and SC), and (2) increased grade 
would result in a shift toward the AR pattern. 
 
METHODS 
Subjects 
Experimental data were collected from 170 individuals with complete motor 
paraplegia and free of shoulder pain (153 men; age: 34.9±9.1 yrs; time from injury: 
9.6±6.2 yrs; height: 1.74±0.09 m; mass: 75.0±16.5 kg). Participants were recruited from 
outpatient clinics throughout the Rancho Los Amigos National Rehabilitation Center and 
provided informed written consent in accordance with the Institutional Review Board. 
 
Data collection 
Each participant propelled their own wheelchair on a stationary ergometer during 
3 conditions: free, fast and graded. For the free condition, subjects performed level 
propulsion at their self-selected free speed (1.04 ± 0.30 m/s) with the resistance level set 
similar to overground propulsion over a tile surface (e.g., Raina et al., 2012). For the fast 
condition, subjects performed level propulsion at their fastest comfortable speed (1.90 ± 
0.46 m/s). For the graded condition, subjects performed at their level self-selected speed 
(1.05 ± 0.30 m/s) but with the front end of the ergometer elevated and resistance level 
increased to simulate propulsion at an 8% incline (e.g., Lighthall-Haubert et al., 2009). 
Subjects acclimated to each condition until they felt comfortable, and a 10-second 
trial (preceded by at least 30 seconds of propulsion to ensure near steady-state 
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propulsion) was recorded for each condition. Trunk, right-side upper extremity and wheel 
kinematics were collected using a CODA motion analysis system (Charnwood Dynamics 
Ltd., Leicestershire, UK) with 15 active markers placed on landmarks on the body and 
right wheel. Three-dimensional right-side handrim kinetics were measured using an 
instrumented wheel (SmartWheel; Three Rivers Holdings, Mesa, AZ, USA). 
 
Data processing 
Kinematic and kinetic data were low-pass filtered with a fourth-order zero-lag 
Butterworth filter with cutoff frequencies of 8 Hz and 10 Hz, respectively, using 
Visual3D (C-Motion, Inc., Germantown, MD, USA). A resultant handrim force threshold 
of 5N was used to delineate between contact and recovery phases. Contact and recovery 
phase data for each cycle were time-normalized and averaged across propulsion cycles 
within each subject. Cadence, contact percentage (i.e., percentage of cycle time spent in 
the contact phase) and the average (Favg) and peak (Fpeak) resultant handrim forces were 
calculated for each cycle and then averaged across cycles. 
 
Pattern characterization 
The third metacarpophalangeal joint center (MCP3) was located using a 
previously described method (Rao et al., 1996), and the average MCP3 path was 
projected onto the plane of the handrim resulting in a closed curve (e.g., Fig. 3.1) to 
define the hand pattern. Next, a multiple rater system was used to classify each pattern 
into one of the four previously defined types (Fig. 3.1). Custom Matlab (Mathworks Inc., 
Natick, MA, USA) code displayed the individual hand patterns to the rater in a random 
order. Two raters that were familiar with the literature on propulsion hand patterns 
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independently classified each hand pattern based solely on the displayed image of the 
hand pattern. In the case of a disagreement between raters, a third rater independently 
classified the hand pattern into one of the two hand pattern types chosen by the first two 
raters. 
 
 
 
Figure 3.1: Hand pattern and variable definitions. The four hand pattern types are arcing 
(AR), single loop (SL), double loop (DL) and semi-circular (SC). The solid 
line denotes the contact phase, while the dashed line denotes the recovery 
phase. Also depicted is the radius of the handrim ( ) and angle of handrim 
contact (θ). The mathematical signs denote whether the signed area enclosed 
by each loop is positive (+) or negative (-). 
 
Each pattern was also objectively characterized using two newly developed 
parameters, net (linear sum) radial thickness, NRT (Eqn. 1), and total (absolute value 
sum) radial thickness, TRT (Eqn. 2) as follows: 
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where        is the number of loops in the curve,    is the signed area enclosed by the 
 th loop of the curve,   is the radius of the handrim, and θ is the angle of handrim contact 
(Fig. 3.1). The number of loops was calculated using custom Matlab code that determined 
the number of curve intersections. 
The signed area was calculated using the surveyor’s area formula, which is a 
special case of Green’s theorem (e.g., Braden, 1986), such that counter-clockwise loops 
resulted in positive values and clockwise loops resulted in negative values (Fig. 3.1). 
Using this convention, positive NRT values denote hand patterns that are primarily over-
rim (e.g., SL), while negative NRT values denote hand patterns that are primarily under-
rim (e.g., SC). Meanwhile, small TRT values denote patterns in which the hand remains 
near the handrim (e.g., AR), while large TRT values denote patterns in which the hand 
moves farther away from the handrim (e.g., SL, SC, DL). As a result, on a two-
dimensional plot with the vertical axis corresponding to TRT and the horizontal axis 
corresponding to either the ratio NRT/TRT (e.g., Fig. 3.2) or NRT (e.g., Fig B.1 in 
Appendix B), a set of basic thresholds can divide the space into four regions that 
correspond to the four commonly observed hand pattern types. When used in 
coordination with TRT, the ratio NRT/TRT is helpful for pattern type classification and 
can improve figure clarity in the AR region. However, independently the NRT/TRT ratio 
is limited in its ability to differentiate between multiple patterns as it provides no 
information about pattern thickness. Therefore, NRT is more useful when comparing 
across conditions. To help validate the use of these new parameters to quantify hand 
patterns, the pattern type corresponding to the calculated parameters was compared with 
the pattern type identified by the multi-rater system. 
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Statistical analyses 
To determine if propulsion condition affected the hand pattern, statistical analyses 
were performed using SPSS (IBM Corp., Armonk, NY, USA). Differences in the 
propulsion variables (NRT, TRT, θ, cadence, contact percentage, Favg and Fpeak) were 
assessed using a one-factor (propulsion condition) repeated measures ANOVA with three 
levels (free, fast and graded). When a significant main effect was found, pairwise 
comparisons were performed using paired t-tests with a Bonferroni adjustment for 
multiple comparisons. The unadjusted threshold for statistical significance for all 
analyses was set at α=0.05. 
 
RESULTS 
With pattern type thresholds set at TRT = 0.03m, NRT/TRT = -0.95 and 
NRT/TRT = +0.95, the objective pattern classification method and the subjective multi-
rater method produced the same results 90% of the time (Fig 3.2, Fig B.1). 
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Figure 3.2: Comparison of objective and subjective hand pattern classification results. The vertical axis corresponds to TRT 
and the horizontal axis corresponds to the ratio NRT/TRT. Thresholds for the objective classification are depicted 
with the dashed lines at TRT = 0.03m, NRT/TRT = -0.95 and NRT/TRT = 0.95. Regions corresponding to each 
pattern type are labeled with the objective classification. Subjective classification is indicated with the following 
symbols: AR ( ), DL ( ), SC ( ) and SL ( ). For figure clarity, NRT/TRT was selected as the horizontal axis 
variable instead of NRT.
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All variables were found to have a significant propulsion condition main effect 
(p<0.001). The pairwise comparisons showed that compared to the free condition, the fast 
condition resulted in significantly higher NRT, θ, cadence, Favg and Fpeak and significantly 
lower contact percentage (Table 3.1, p<0.001). The fast condition also resulted in 
significantly higher TRT (p=0.006). Compared to the free condition, the graded condition 
resulted in significantly lower TRT and significantly higher NRT, θ, cadence, contact 
percentage, Favg, and Fpeak (p<0.001). Compared to the fast condition, the graded condition 
resulted in significantly lower TRT and significantly higher θ, contact percentage, Favg, 
and Fpeak. The propulsion pattern changes across conditions were also evident in a plot of 
TRT vs. NRT (Fig. 3.3) or TRT vs. NRT/TRT (Fig B.2), as well as the number of 
wheelchair users corresponding to each propulsion type (Table 3.2). 
 
Table 3.1: Mean (SD) values of the propulsion variables for each condition. 
 Propulsion Condition Significant 
Comparisons 
[α=0.05] 
 Free Fast Graded 
NRT [m] 
-0.0219 
(0.0555) 
0.0103 
(0.0585) 
0.0095 
(0.0309) 
□■ 
TRT [m] 
0.0529 
(0.0401) 
0.0601 
(0.0418) 
0.0261 
(0.0224) 
□■■ 
θ [deg] 
78.3 
(15.7) 
83.7 
(14.2) 
88.1 
(14.2) 
□■■ 
Cadence [Hz] 
0.890 
(0.218) 
1.312 
(0.318) 
1.258 
(0.269) 
□■ 
Contact Percentage 
[% Cycle] 
37.6 
(7.6) 
34.0 
(7.2) 
60.0 
(6.8) 
□■■ 
Favg [N] 
29.7 
(8.0) 
42.8 
(13.0) 
74.0 
(18.0) 
□■■ 
Fpeak [N] 
46.2 
(15.3) 
79.3 
(29.6) 
124.5 
(32.3) 
□■■ 
 □ denotes a significant free to fast pairwise comparison 
 ■ denotes a significant free to graded pairwise comparison 
 ■ denotes a significant fast to graded pairwise comparison
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Figure 3.3: Hand pattern parameter values across conditions. The vertical axis corresponds to TRT and the horizontal axis 
corresponds to NRT. Thresholds for the objective classification are depicted with the dashed lines at TRT = 
0.03m, NRT/TRT = -0.95 and NRT/TRT = 0.95. Regions corresponding with each pattern type are labeled with 
the objective classification. Propulsion condition is indicated as follows: free ( ), fast ( ) and graded ( ). The 
across-subject mean values are indicated with a larger version of the same symbols. For comparisons across 
conditions, NRT was selected as the horizontal axis variable instead of NRT/TRT.
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Table 3.2: Number of wheelchair users (percentage) using each hand pattern type 
across conditions using the objective classification method. 
 Condition 
 Free Fast Graded 
AR 63 (37.1%) 46 (27.1%) 125 (73.5%) 
SL 24 (14.1%) 61 (35.9%) 26 (15.3%) 
DL 49 (28.8%) 55 (32.4%) 12 (7.1%) 
SC 34 (20.0%) 8 (4.7%) 7 (4.1%) 
 
DISCUSSION 
Manual wheelchair users encounter a variety of propulsion conditions throughout 
their daily living activities that require modifications to their propulsion technique. The 
hand pattern is a clinically observable indicator that can provide insight into an 
individual's propulsion technique, but studies analyzing the influence of propulsion 
condition on hand patterns have been limited. This study used a set of objective 
quantitative parameters to assess the influence of speed and grade of incline on the 
preferred hand patterns used by manual wheelchair users. 
The finding that NRT was significantly larger in the fast condition than during the 
free condition supports the hypothesis that increased propulsion speed would result in a 
shift away from under-rim patterns and is consistent with previous research showing a 
decrease in the number of under-rim patterns used with increasing speed (Boninger et al., 
2002). This increase in NRT may be a result of the arm inertia and its increased velocity 
during the contact phase. At the beginning of the recovery phase, shoulder motion 
transitions from flexion to extension (e.g., Rao et al., 1996). Thus, the increased velocity 
of fast propulsion would prolong the transition unless there was an offsetting increase in 
the extensor moment at the shoulder (which would increase energy demands). A delayed 
transition would result in additional shoulder flexion and encourage the hand to move 
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above the handrim during this period. This initial movement would likely lead to 
increases in both NRT and TRT, which is consistent with our results. The prolonged 
transition would also require an increase in the percentage of cycle time spent in the 
recovery phase, which is consistent with the significant decrease in contact percentage we 
observed.  
In order to increase power output to the handrim, either θ, cadence and/or handrim 
force must increase. When increasing propulsion speed on level ground, users increased 
all of these parameters (Table 3.1). While there was a small increase in θ (6.9%), there 
were much larger increases in cadence, Favg and Fpeak (47.4%, 44.1%, and 71.6%, 
respectively). These results are consistent with previous studies suggesting that an 
increase in speed leads to an increase in cadence and force, but a decrease in contact 
percentage (e.g., Boninger et al., 2002; Chow et al., 2009). While only one study found a 
statistically significant increase in θ (Gil-Agudo et al., 2010), others have shown 
increases in θ similar to those in the present study (e.g., Boninger et al., 2002; Koontz et 
al., 2002). Since most of these studies used a limited number of subjects, it is possible 
that they would have found statistical significance with a larger sample size. 
The finding that TRT was significantly smaller in the graded condition compared 
to the free condition supports the hypothesis that increased grade would result in a shift 
toward the AR pattern. This result is consistent with a previous study showing an 
increase in number of AR patterns with increasing grade of incline (Richter et al., 2007). 
Propulsion in the graded condition required increased contact percentage (and decreased 
recovery percentage). This may encourage the selection of a shorter recovery hand path, 
contributing to the decrease in TRT. Furthermore, individuals must keep the hand near 
the handrim in order to prevent the wheelchair from rolling backward while on the 
incline. In addition to the decrease in TRT, there was also an increase in NRT with 
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increased grade of incline, which appears to be related to the decrease in the number of 
under-rim patterns and corresponding increase in the number of AR patterns (Table 3.2). 
While under-rim patterns have negative NRT values, AR patterns on average have small 
but positive NRT values due to the large quantity of AR patterns in which the hand never 
drops below the handrim (i.e., along the rightmost edge of the AR regions in Figs. 3.2 
and 3.3). This concentration may be explained by examining the ergonomics of the 
standard handrim grip. The thumb is placed along the top surface while the rest of the 
hand wraps laterally around the rim such that the fingers contact the bottom surface (e.g., 
Koontz et al., 2006). When the fingers are opened slightly to relax the grip, the hand can 
disengage from the handrim with either an upward or lateral movement, but the 
placement of the thumb prevents an initial downward movement. As there is minimal 
movement away from the handrim during the AR pattern, this initial constraint may 
encourage the hand to move slightly above the handrim instead of slightly below. 
To achieve the substantial power increase between the free and graded conditions, 
users increased θ, cadence and force, which showed a similarity to the changes observed 
when moving between the free and fast conditions. Similarly, the smallest increase was in 
θ (12.5%). However, while the increase in cadence was similar to that seen with 
increased speed (41.3%), there was a much larger increase in the handrim force (Favg: 
149.2%, Fpeak: 169.5%). These results are similar to studies showing an increased grade 
results in increases in both contact percentage (e.g., van der Woude et al., 1988) and 
handrim force (e.g., Gagnon et al., 2014; Richter et al., 2007). However, there is 
disagreement between studies on the influence of grade on cadence. While some studies 
agree with the present results suggesting that cadence increases with grade (Gagnon et 
al., 2014; van der Woude et al., 1988), others have found that cadence decreases with 
grade (Richter et al., 2007). This discrepancy is likely due to differences in the study 
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protocols. Richter et al. (2007) allowed their subjects to reduce their speed with grade, 
while the other studies had their subjects maintain their level ground speed. There is also 
little consensus regarding the influence of grade on θ. While one study found a significant 
decrease in θ with increased grade (Richter et al., 2007), others suggest that there may not 
be a consistent trend across a full range of typical incline grades (Chow et al., 2009; 
Gagnon et al., 2014; van der Woude et al., 1988). These differences may also be due to 
differences in study methods and numbers of subjects analyzed. 
The results of the present study suggest that speed and grade significantly 
influence preferred hand patterns and related parameters. While differences in individual 
anthropometrics, strength and functional capacity among wheelchair users may prevent 
the identification of a single optimal hand pattern for all subjects (Raina et al., 2012), 
task-specific constraints and required upper extremity demand likely preclude the 
existence of a single optimal hand pattern for all tasks (Richter et al., 2007). 
The hand pattern characterization method presented in this study has a number of 
advantages over previously used methods. The method can be used not only to classify 
hand patterns as one of the four commonly described pattern types but also characterize 
patterns using quantitative parameters that can differentiate between patterns of the same 
type, which can be challenging using subjective methods. This quantitative data also 
enables statistical analyses (e.g., Table 3.1) and clear illustrations of trends (e.g., Fig. 
3.3). The output can also help a clinician gain a greater understanding of an individual’s 
propulsion technique across conditions or in different wheelchair configurations. The 
method could therefore be adapted into an algorithm that could assist a clinician by 
suggesting beneficial alterations to configuration and/or technique as part of a wheelchair 
fitting and propulsion training program. The method can also be adapted for a clinical or 
real-world setting easily, because although we used SmartWheel data to separate 
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individual cycles, simple geometric limits could be used instead. Thus, data collection 
could be simplified to a single camera recording hand motion in the sagittal plane. 
While the method has these advantages, it is not without limitation. One limitation 
is that the experimental data was not collected overground but instead on a calibrated 
wheelchair ergometer. Although ergometers are unable to replicate every aspect of 
overground propulsion, they have been shown to produce steady-state propulsion 
mechanics that are consistent with overground data while also providing precise control 
over the experimental conditions (e.g., Koontz et al., 2012). In addition, while differences 
between overground and simulated propulsion may induce small changes to hand patterns 
(Stephens and Engsberg, 2010), this study examined relative differences between 
propulsion conditions and the same ergometer was used throughout the data collection. 
Thus, the use of an ergometer likely did not influence the study conclusions. 
Another potential limitation is related to the thresholds used to delineate between 
pattern types based on their NRT and TRT values. These thresholds were selected in an 
attempt to reproduce the subjective classifications and are therefore effectively a 
quantification of the subjective opinions of the individual raters. While the success rate 
for the current data set could have been increased by further optimizing the thresholds 
and increasing their precision (e.g., adding decimal places), it is unlikely that the 
increased precision would result in consistently increased success rates across studies 
with different raters and their own subjective assessments. However, the primary purpose 
behind the development of the hand pattern characterization method was not pattern type 
classification, but an objective quantification of individual patterns (i.e., TRT and NRT 
values) that could be statistically analyzed, which is unaffected by the uncertainty in the 
threshold selection. 
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CONCLUSIONS 
This study identified the influence of both speed and grade on hand patterns 
during wheelchair propulsion. The results suggest that the specific goals and constraints 
of the propulsion task can significantly influence preferred hand pattern selection. While 
hand pattern parameters can provide insight into propulsion technique, current 
understanding of the advantages and disadvantages of different hand pattern types is 
centered on large-scale biomechanical measures (e.g., θ and cadence). Further work is 
needed to identify the relationships between hand patterns and upper extremity demand. 
These relationships could then be used to help design rehabilitation programs and 
wheeled mobility devices aimed at minimizing the development of overuse injuries and 
pain in manual wheelchair users. 
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Chapter 4: The Influence of Wheelchair Propulsion Hand Pattern on 
Upper Extremity Demand 
INTRODUCTION 
The manual wheelchair propulsion cycle can be divided into the contact phase, 
when mechanical power is delivered to the wheelchair via hand contact with the handrim, 
and the recovery phase, when the hand is repositioned in preparation for the next cycle 
(e.g., Kwarciak et al., 2009). During the contact phase, the hand is restricted to the arc of 
the handrim. However, during the recovery phase, the hand is much less constrained and 
can follow a number of different paths. The resulting hand patterns (i.e., full-cycle hand 
paths) are frequently classified into four distinct hand pattern types based on the shape of 
their projection onto the plane of the handrim: arcing (AR), single loop (SL), double loop 
(DL) and semi-circular (SC) (Fig. 4.1, e.g., Boninger et al., 2002). The hand pattern is a 
clinically visible indicator that can provide insight into an individual’s propulsion 
technique due to the close relationship between the movement of the hand and propulsion 
mechanics (e.g., Shimada et al., 1998). 
 
 
Figure 4.1: Hand pattern definitions. The four hand pattern types are arcing (AR), single 
loop (SL), double loop (DL) and semi-circular (SC). The solid line denotes 
the contact phase, while the dashed line denotes the recovery phase. The 
arrows indicate the direction of hand motion and the direction of wheelchair 
propulsion is to the right. 
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Previous investigations have attempted to ascertain whether the choice of hand 
pattern may influence the likelihood of developing upper extremity pain and injury (e.g., 
Boninger et al., 2002; de Groot et al., 2004; Kwarciak et al., 2012; Qi et al., 2014). Most 
of these studies have focused on the influence of hand pattern on large-scale 
biomechanical metrics that have been identified as risk factors (e.g., cadence, peak 
handrim force). Results suggest that SC produces lower cadence, larger contact 
percentages, larger contact angles, longer push distances and lower peak forces (e.g., 
Boninger et al., 2002; Kwarciak et al., 2012; Qi et al., 2014). SC may also produce lower 
joint accelerations (Shimada et al., 1998) and result in a clearer separation between 
contact and recovery muscle activity timing (Qi et al., 2014). As a result, current clinical 
guidelines recommend the use of SC, citing many of these potentially advantageous 
biomechanics (PVACSCM, 2005). 
However, other hand patterns may have favorable characteristics as well. A recent 
study found that DL is associated with an increased contact angle, decreased cadence and 
decreased braking moment (Kwarciak et al., 2012), leading those investigators to 
recommend the use of this hand pattern. DL and AR have also been shown to have the 
lowest integrated electromyography (iEMG) values (Kwarciak et al., 2012). In addition, 
AR may be a more metabolically efficient hand pattern than SC (de Groot et al., 2004). 
While it is valuable to understand the influence of hand pattern on large-scale 
biomechanical metrics (e.g., cadence, contact angle), it would also be useful to 
understand the influence of hand pattern on more direct measures of upper extremity 
demand (e.g., muscle power and stress). While the use of electromyographic (EMG) data 
can provide insight into the timing of individual muscle activity, the complex nonlinear 
relationships between muscle excitation signals and individual muscle force and power 
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complicates the analyses and limits the conclusions that can be drawn from EMG data. In 
contrast, forward dynamics modeling and simulation techniques can provide a powerful 
framework for examining the biomechanics of a task at the individual muscle level (e.g., 
Erdemir et al., 2007). Therefore, the purpose of this study was to use musculoskeletal 
modeling and forward dynamics simulations to investigate the four distinct hand pattern 
types commonly observed in manual wheelchair propulsion and identify the influence of 
hand pattern on upper extremity demand (i.e., muscle power and stress). These results 
can then be applied to the design of rehabilitation programs and wheeled mobility devices 
aimed at limiting the development of overuse injuries and pain in individuals that use 
manual wheelchairs. 
 
METHODS 
Musculoskeletal model 
An upper extremity musculoskeletal model and dynamic optimization framework 
that have been previously described in detail (e.g., Rankin et al., 2010; Rankin et al., 
2011) were used in this study to generate forward dynamics simulations of manual 
wheelchair propulsion. The musculoskeletal model was based on the work of Holzbaur et 
al. (2005) and developed using SIMM (Musculographics, Inc., Santa Rosa, CA, USA). 
The model had six rotational degrees-of-freedom and included segments representing the 
trunk and right upper arm, forearm and hand. In addition to trunk lean, elbow flexion-
extension and forearm pronation-supination, there were three degrees-of-freedom at the 
shoulder: plane-of-elevation, elevation angle and internal-external rotation 
(thoracohumeral angles). Scapulohumeral rhythm was defined using regression equations 
based on cadaver data (de Groot and Brand, 2001). Full-cycle trunk lean and contact-
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phase hand translations were prescribed based on experimentally-collected kinematic 
data. The dynamic equations-of-motion were generated using SD/FAST (Parametric 
Technology Corp., Needham, MA, USA). The major upper extremity muscles crossing 
the shoulder and elbow joints were represented by 26 Hill-type musculotendon actuators 
(e.g., Slowik and Neptune, 2013), governed by intrinsic muscle force-length-velocity and 
tendon force-strain relationships. Each actuator received a distinct excitation signal 
except the three latissimus dorsi actuators, the two sternocostal pectoralis major 
actuators, and the two actuators representing the lateral triceps and anconeus. Muscles 
within each of these groups received the same excitation signal. Muscle excitation-
activation dynamics were modeled using a first order differential equation (Raasch et al., 
1997) with muscle-specific activation and deactivation time constants (Happee and van 
der Helm, 1995; Winters and Stark, 1988). The musculotendon lengths and moment arms 
were calculated using polynomial regression equations (Rankin and Neptune, 2012), and 
the product of each muscle moment arm and force was applied at the joint as a muscle 
moment. Passive torques were applied at the joints to represent ligaments and other 
passive joint structures that limit extreme joint positions (Davy and Audu, 1987). 
 
Simulation and optimization framework 
Each muscle excitation pattern was generated using a bimodal pattern defined by 
six parameters (e.g., Hall et al., 2011), resulting in a total of 132 optimization parameters. 
For each hand pattern type, the excitation parameters that produced a simulation that best 
emulated hand pattern subgroup-averaged experimental propulsion data (i.e., joint angle 
and 3D handrim force profiles; see Experimental data below) were identified using a 
simulated annealing optimization algorithm (Goffe et al., 1994) and an optimal tracking 
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cost function (Neptune et al., 2001). To prevent excess co-contraction, an additional term 
was included in the cost function that minimized the muscle stress squared. Average 
power delivered to the handrim was kept constant (6 W) across simulations to better 
enable comparisons. 
 
Experimental data 
As part of a previous study (see Chapter 3), experimental data was collected from 
170 individuals with complete motor paraplegia while they propelled their wheelchair at 
a self-selected speed on a stationary ergometer that simulated level propulsion over a tile 
surface (e.g., Raina et al., 2012). Subjects were allowed to acclimate until they felt 
comfortable, and a ten-second trial was recorded following at least 30 seconds of 
propulsion to ensure near steady-state propulsion. Trunk, right side upper extremity and 
wheel kinematics were collected using a 4-scanner CODA motion analysis system 
(Charnwood Dynamics Ltd., Leicestershire, UK) with 15 active markers placed on 
landmarks on the body and right wheel (e.g., Lighthall-Haubert et al., 2009). Three-
dimensional handrim kinetics were measured using an instrumented wheel (SmartWheel; 
Three Rivers Holdings, Mesa, AZ, USA). 
Kinematic and kinetic data were low-pass filtered using a fourth-order zero-lag 
Butterworth filter with cutoff frequencies of 8 Hz and 10 Hz, respectively, in Visual3D 
(C-Motion, Inc., Germantown, MD, USA). Contact and recovery phases were delineated 
using a resultant handrim force threshold of 5 N. Contact and recovery-phase data for 
each cycle were time-normalized and averaged across propulsion cycles within each 
subject. A previously-described method (Rao et al., 1996) was used to locate the third 
metacarpophalangeal joint center (MCP3), and the hand pattern was defined as the 
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average MCP3 path projected onto the plane of the handrim (e.g., Fig. 4.1). Hand patterns 
were characterized using a set of objective, quantitative parameters (see Chapter 3 for 
details), and this characterization was used to identify four groups of subjects that used 
each of the four hand pattern types. From these groups, twenty male subjects (five of 
each hand pattern type) were then identified such that differences between pattern-type 
group averages for propulsion speed, mass, height, age and time from injury were 
minimized (Table 4.1). Mean subject data were then averaged across subjects within each 
pattern type group to create group-averaged hand pattern, joint angle and 3D handrim 
force profiles. 
 
Table 4.1: Mean values of subject and propulsion characteristics for the four hand 
pattern types: arcing (AR), single loop (SL), double loop (DL) and semi-
circular (SC). 
Subject characteristics Propulsion characteristics 
Hand 
pattern 
type 
Age 
(yr) 
Time 
from 
injury 
(yr) 
Height 
(m) 
Mass 
(kg) 
Propulsion 
speed 
(m/s) 
Cycle 
Time 
(s) 
Contact 
Percentage 
(%) 
Contact 
Angle 
(°) 
AR 39.4 9.3 1.77 77.3 0.97 0.95 45.8 73.2 
SL 39.2 14.2 1.80 77.6 1.02 1.02 36.4 71.7 
DL 32.7 12.9 1.73 81.1 0.97 1.43 34.7 86.6 
SC 35.0 10.0 1.77 79.9 0.99 1.34 44.9 92.9 
All 20 
subjects 
36.6 11.6 1.77 79.0 0.99 1.19 40.5 81.1 
 
Analysis 
Three consecutive propulsion cycles were simulated for each hand pattern type, 
and the third cycle was analyzed to allow the simulation to reach steady-state. To assess 
how well each simulation tracked the experimental data, root-mean-square (RMS) 
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differences between simulated and experimental data were calculated. Individual muscle 
data at each time step were then obtained from the simulations and used to calculate a set 
of direct measures of upper extremity demand. Instantaneous muscle stress was 
calculated by dividing the instantaneous muscle force by the physiological cross-sectional 
area of the muscle, and time-averaged within the contact and recovery phases, as well as 
across the full cycle. The full-cycle values were also decomposed into contributions 
during the contact and recovery phases, enabling additional comparisons across 
simulations that account for the differences in contact percentages. 
Instantaneous muscle mechanical power was computed as the product of the 
instantaneous muscle force and velocity. Mean positive and negative powers for the 
contact phase, recovery phase and full cycle were calculated by time-averaging the 
instantaneous positive and negative powers, respectively. Mean total (absolute value 
sum) and net (linear sum) powers were subsequently calculated. The full-cycle values 
were again decomposed into contributions from the contact and recovery phases. The 
individual muscle data from the 26 muscles were combined into 13 analysis groups based 
on a combination of anatomical location and muscle function (Table 4.2), with power 
data summed and stress data averaged within each muscle group. Overall measures of 
upper extremity demand were then calculated as the summed power and average stress of 
all 26 muscles. 
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Table 4.2: Upper extremity muscle and group definitions. 
Muscle 
Group 
Muscle Compartment Abbreviation 
ADelt 
Deltoid 
Anterior DELT1 
MDelt Middle DELT2 
PDelt Posterior DELT3 
Subsc Subscapularis ---------------------- SUBSC 
Supra Supraspinatus ---------------------- SUPSP 
Infra 
Infraspinatus ---------------------- INFSP 
Teres Minor ---------------------- TMIN 
PecMaj 
Pectoralis major 
Clavicular head PECM1 
Sternocostal head - sternum PECM2 
Sternocostal head - ribs PECM3 
Coracobrachialis ---------------------- CORB 
Lat 
Latissimus dorsi 
Thoracic LAT1 
Lumbar LAT2 
Iliac LAT3 
Teres Major ---------------------- TMAJ 
Tri 
Triceps brachii 
Long head TRIlong 
Medial head TRImed 
Lateral head TRIlat 
Anconeus ---------------------- ANC 
Bra 
Brachialis ---------------------- BRA 
Brachioradialis ---------------------- BRD 
Bic Biceps brachii 
Long head BIClong 
Short head BICshort 
Sup Supinator ---------------------- SUP 
Pro 
Pronator teres ---------------------- PT 
Pronator quadratus ---------------------- PQ 
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RESULTS 
Experimental data tracking 
All four simulations resulted in propulsion mechanics that closely emulated the 
corresponding hand pattern type experimental joint kinematics and handrim forces (Table 
4.3, Appendix C), with average RMS differences of 2.1° and 1.7 N, respectively. All 
RMS differences were well within one standard deviation of the experimental data. 
 
Table 4.3: Root-mean-square differences between simulated and experimental joint 
kinematics and handrim forces for the four hand pattern types: arcing (AR), 
single loop (SL), double loop (DL) and semi-circular (SC). For comparison, 
one standard deviation of the experimental data is provided in parentheses to 
indicate inter-subject variability. 
Tracking differences 
(simulation vs. experimental) 
Simulations 
AR SL DL SC 
Joint 
kinematics 
(degrees) 
Elevation plane 1.2  (10.3) 1.8  (19.1) 2.3  (13.3) 3.3  (12.4) 
Elevation angle 0.7  (5.3) 1.0  (7.3) 0.9  (6.4) 1.1  (8.2) 
Shoulder rotation 1.0  (23.6) 2.9  (32.4) 2.3  (18.0) 9.2  (26.0) 
Elbow flexion 0.9  (18.5) 0.7  (8.4) 0.8  (8.6) 0.8  (12.9) 
Pronation/supination 4.2  (23.6) 1.7  (12.0) 1.2  (11.6) 4.3  (22.5) 
All joints 1.6  (16.3) 1.6  (15.8) 1.5  (11.6) 3.7  (16.4) 
Handrim 
forces (N) 
Tangential 0.9  (5.2) 3.2  (3.8) 1.0  (6.2) 2.3  (5.5) 
Radial 3.3  (11.4) 0.8  (5.8) 1.9  (4.8) 2.0  (10.1) 
Lateral 0.7  (5.0) 1.7  (3.0) 1.7  (3.8) 1.3  (4.1) 
All forces 1.6  (7.2) 1.9  (4.2) 1.5  (4.9) 1.9  (6.6) 
 
Overall muscle power 
Full-cycle net muscle power was similar across hand pattern types, with the 
lowest power generated with SC and the highest power generated with SL (7.0 W vs. 7.6 
W, Fig. 4.2). While contact-phase net muscle power was larger for SL and DL compared 
to AR and SC (14.6 W and 15.2 W vs. 11.4 W and 11.3 W, respectively), contact-phase 
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contributions to the full-cycle net muscle power were similar across all hand pattern types 
(range: 5.1-5.3 W). There were larger differences in the total muscle power, with DL 
requiring the least full-cycle total power and AR requiring the most (22.5 W vs. 26.5 W). 
The contact and recovery phases exhibited comparable amounts of negative (eccentric, 
active lengthening) muscle power. However, the contact phase consistently exhibited 
greater amounts of positive (concentric, active shortening) muscle power than the 
recovery phase. As a result, the contact phase also consistently exhibited larger total and 
net muscle power than the recovery phase, although the net power was positive during 
both phases for all hand pattern types. While the recovery-phase contributions accounted 
for only a small portion of the full-cycle net power (26-30%), recovery-phase 
contributions accounted for a much larger portion of the full-cycle total power (37-57%). 
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Figure 4.2: Overall levels of time-averaged negative, positive, total and net power 
(summed across all muscles) for the four hand pattern types: arcing (AR), 
single loop (SL), double loop (DL) and semi-circular (SC). The top, middle 
and bottom rows correspond to the contact phase, recovery phase and full 
cycle respectively. Contact and recovery-phase contributions are colored 
blue and orange respectively. 
 
Individual muscle power 
For all hand pattern types, ADelt and Tri were among the primary contributors to 
the full-cycle total and net muscle power (Fig. 4.3). The majority of this power was 
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generated during the contact phase. Other large contributors to the full-cycle total muscle 
power included PDelt, Lat and Bra with AR; MDelt and Bra with SL; and Lat with SC. 
Comparisons between hand pattern types revealed a few differences in individual 
muscle power generation. Full-cycle Lat total power generation was increased with AR. 
Full-cycle MDelt total power generation was increased with SL, but full-cycle ADelt 
total power generation was decreased. Contact-phase ADelt and Tri total power 
generation was increased with DL, but contact-phase PecMaj and recovery-phase Lat 
total power generation was decreased. Total power generation was not notably higher or 
lower for any individual muscle group with SC relative to the other hand pattern types. 
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Figure 4.3: Time-averaged positive and negative power generated by each muscle group 
for the four hand pattern types: arcing (AR), single loop (SL), double loop 
(DL) and semi-circular (SC). The left, center and right plots correspond to 
the contact phase, recovery phase and full cycle respectively. Contact and 
recovery-phase contributions are colored blue and orange respectively. 
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Overall muscle stress 
Full-cycle muscle stress was lowest with DL and highest with AR (31.5 kPa vs. 
43.0 kPa, Fig 4.4). Contact-phase stress was lowest with SC and highest with SL (39.4 
kPa vs. 50.7 kPa). However, contact-phase contribution to the full-cycle muscle stress 
was lowest with DL and highest with AR (14.7 kPa vs. 22.6 kPa). Recovery-phase stress 
was lowest with DL and highest with AR (25.8 kPa vs. 38.0 kPa). While recovery-phase 
contribution to the full-cycle muscle stress was also lowest with DL, it was highest with 
SL (16.8 kPa vs. 21.9 kPa). Recovery-phase muscle stress was consistently lower than 
contact-phase muscle stress, with percent differences between contact and recovery 
values ranging from 5% (SC) to 48% (DL). However, the recovery phase consistently 
contributed approximately half of the full-cycle muscle stress (46-53%) due to the longer 
duration of this phase. 
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Figure 4.4: Overall levels of time-averaged muscle stress (averaged across all muscles) 
for the four hand pattern types: arcing (AR), single loop (SL), double loop 
(DL) and semi-circular (SC). The top, middle and bottom rows correspond 
to the contact phase, recovery phase and full cycle respectively. Contact and 
recovery-phase contributions are colored blue and orange respectively. 
 
Individual muscle stress 
For all hand pattern types, Subsc, MDelt, PDelt and ADelt were among the 
muscle groups that experienced the highest full-cycle stress levels (Fig 4.5). The majority 
of the full-cycle ADelt stress was attributed to high stress during the contact phase, while 
the majority of the full-cycle PDelt and Subsc stresses was attributed to the high stresses 
during the recovery phase. The high full-cycle MDelt stress was attributed to high 
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stresses during both phases. Other high full-cycle muscle stress values occurred in Lat 
and Sup with AR; Infra, Bra, Pro and Sup with SL; and Bra and Sup with SC. 
Comparisons between hand pattern types revealed a number of differences in 
individual muscle stress levels. AR experienced relatively high full-cycle MDelt stress 
due to contributions during both phases. AR also experienced high contact-phase stress 
from Sup and high recovery-phase stress from Lat. However, AR experienced low full-
cycle stress from Subsc compared to other hand pattern types, primarily related to low 
stress during the recovery phase. SL experienced high full-cycle Infra stress, primarily 
related to the high stress during the contact phase. SL also experienced high full-cycle 
Subsc stress, primarily related to high stress during the recovery phase. In addition, SL 
experienced high contact-phase Pro stress. However, SL experienced low full-cycle 
ADelt stress, primarily related to low stress during the contact phase. SL also experienced 
low full-cycle PDelt stress due to low stresses during both phases. In addition, SL 
experienced low contact-phase Lat stress. DL experienced high contact-phase ADelt and 
Lat stresses, but low full-cycle MDelt stress, primarily related to low stress during the 
contact phase. DL also experienced low full-cycle Sup stress (due to low stress during 
both phases), low contact-phase PecMaj stress and low recovery-phase Lat stress. SC 
only experienced high recovery-phase Sup stress. 
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Figure 4.5: Time-averaged individual muscle stress values for the four hand pattern 
types: arcing (AR), single loop (SL), double loop (DL) and semi-circular 
(SC). The left, center and right plots correspond to the contact phase, 
recovery phase and full cycle respectively. Contact and recovery-phase 
contributions are colored blue and orange respectively. 
 
DISCUSSION 
The purpose of this study was to identify the influence of wheelchair propulsion 
hand pattern on upper extremity demand by developing forward dynamics simulations of 
the four distinct hand pattern types. While there were many similarities between the hand 
pattern types, there were also some key differences. 
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Propulsion characteristics 
While the subjects were chosen such that the four hand pattern subgroups would 
have similar propulsion speeds (Table 4.1), there were differences in other propulsion 
characteristics that influenced the individual muscle power and stress quantities. SC had a 
long cycle time, large contact percentage and large contact angle (Table 4.1), which have 
all previously been suggested as favorable characteristics (e.g., PVACSCM, 2005). DL 
had a long cycle time and large contact angle, but a small contact percentage. AR had a 
large contact percentage, but a short cycle time and small contact angle. SL had a short 
cycle time, small contact percentage and small contact angle, which have all been 
suggested as unfavorable characteristics. The relative levels of these spatiotemporal 
variables across hand pattern types were consistent with previous studies (Boninger et al., 
2002; Kwarciak et al., 2012), providing confirmation that the selected subjects 
appropriately represented the different hand pattern types. 
 
AR 
Of the four hand pattern types, AR experienced the highest full-cycle levels of 
overall upper extremity demand (i.e., total muscle power and muscle stress). This was 
primarily due to AR having the highest contributions during the contact phase, derived 
from both high contact-phase demand levels and a large contact percentage. However, 
AR did have the lowest full-cycle Subsc stress, which may reduce the risk of fatigue and 
injury in this rotator cuff muscle. As Subsc plays a critical role in stabilizing the shoulder 
(e.g., Ward et al., 2006), this may also prevent more extensive injury. 
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SL 
SL experienced the second highest full-cycle levels of overall upper extremity 
demand. SL exhibited the highest recovery-phase contributions to the total power, but 
lowest contact-phase contributions, leading to the second highest full-cycle average total 
power. SL also experienced the highest contact-phase stress. However, due to its small 
contact percentage, it experienced only the second highest contact-phase contribution to 
full-cycle stress which resulted in the second highest overall full-cycle stress. SL also 
experienced high Infra and Subsc stress, which could increase the risk of fatigue and 
injury in these rotator cuff muscles. As Infra and Subsc help stabilize the shoulder (e.g., 
Ward et al., 2006), this could lead to more extensive injury. 
 
DL 
Of the four hand pattern types, DL experienced the lowest full-cycle levels of 
overall upper extremity demand. This was primarily due to a combination of the lowest 
recovery-phase demand levels and the smallest contact percentage. Despite high demand 
levels during the contact phase, time spent in this phase was relatively short, and 
therefore DL actually experienced the lowest contact-phase contribution to the full-cycle 
average muscle stress and only the second highest contact-phase contribution to the full-
cycle power. The low recovery-phase demand levels for DL are consistent with a 
previous study that suggested that using a low cadence technique could reduce muscle 
power requirements during the recovery phase (Rankin et al., 2012). One potential 
disadvantage of this technique is that it showed increased contact-phase ADelt power 
combined with decreased contact-phase PecMaj power, which could increase the risk of 
impingement (see Chapter 2). 
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SC 
SC experienced the second lowest full-cycle levels of overall upper extremity 
demand. SC consistently exhibited the second lowest total power, for each individual 
phase and the full-cycle. In addition, SC experienced the lowest contact-phase stress, but 
the second-highest recovery-phase stress. This led to the smallest percent difference 
between contact and recovery-phase stresses among the four hand pattern types, 
suggesting that upper extremity demand is most evenly distributed throughout the cycle 
when using SC. There were no individual muscles that appeared to be at a greater risk of 
injury during SC in comparison with the other hand pattern types. 
 
Study limitations 
A potential limitation of this study is that the experimental data was not collected 
overground but on a calibrated wheelchair ergometer. Ergometers and other stationary 
propulsion simulators do not perfectly replicate overground propulsion. However, they 
result in similar propulsion mechanics while providing greater control over experimental 
variables in a laboratory setting (Koontz et al., 2012). 
Another potential limitation is that the musculoskeletal model ignored the ability 
of the hand to produce a pure moment at the handrim because it did not include the wrist 
muscles and the wrist joint was fixed in the anatomical position. However, relative to 
shoulder and elbow moments, wrist moments are generally small (e.g., Robertson et al., 
1996; Sabick et al., 2004). In addition, the effect of the fixed wrist on the other joints and 
the study conclusions was minimized by using a consistent model across all simulations 
and requiring optimized simulations to emulate the experimental joint kinematics and 
handrim forces. 
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A final potential limitation of this study is that it only examined level propulsion 
at a self-selected speed. Results of previous investigations suggest that people who use 
manual wheelchairs modify their hand pattern with changes in propulsion speed (Chapter 
3; Boninger et al., 2002) and grade of incline (Chapter 3; Richter et al., 2007). Thus, 
future work should examine upper extremity demand during these other propulsion 
conditions. 
 
CONCLUSIONS 
DL and SC produced the most favorable levels of upper extremity demand. While 
DL exhibited the lowest full-cycle and recovery-phase demand values, it did require high 
levels of muscle power during its relatively short contact phase. The full-cycle demand 
levels of SC were the second-lowest, and the demand was more evenly distributed 
between the contact and recovery phases. The results of this study suggest that when 
propelling their wheelchairs at a self-selected speed on level ground, individuals should 
consider using either the DL or SC pattern.  
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Chapter 5: Conclusions 
Manual wheelchair users are at an increased risk of developing upper extremity 
pain and injuries due to the considerable physical demand of wheelchair propulsion. An 
increased understanding of the relationships between muscle weakness, wheelchair 
propulsion technique and upper extremity demand may help reduce this risk. Therefore, 
the overall goal of this research was to add to the current understanding of these 
relationships through a combination of experimental and simulation analyses. 
In Chapter 2, forward dynamics simulations of wheelchair propulsion were used 
to identify the influence of individual muscle weakness on upper extremity demand 
during manual wheelchair propulsion. The simulation results suggested that the upper 
extremity musculature is robust to weakness in individual muscle groups as other muscles 
were able to compensate and restore normal propulsion mechanics. The observed shifts in 
power between muscles demonstrated how the distribution of upper extremity demand 
can be modified without any discernable changes in propulsion technique. However, 
while the deltoid and rotator cuff muscles can produce moments to compensate for each 
other, shifts between these muscles may compromise glenohumeral stability and lead to 
impingement or other similar injuries. In addition, the rotator cuff muscles experienced 
many of the highest stress levels across simulations, further highlighting their 
susceptibility to fatigue and injury. These results suggest that rehabilitation programs 
should seek to strengthen the rotator cuff muscles and supporting muscles whose 
contributions do not increase the risk for impingement (i.e., the thoracohumeral 
depressors) as this may help reduce the risk of upper extremity injury in manual 
wheelchair users. 
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In Chapter 3, a set of objective quantitative parameters were developed to 
characterize kinematic hand patterns and identify the influence of propulsion condition 
(i.e., speed and grade of incline) on the hand patterns preferred by manual wheelchair 
users. Increased propulsion speed resulted in a shift away from under-rim hand patterns 
(DL and SC) while increased grade resulted in the hand remaining near the handrim 
throughout the cycle (e.g., AR). These results revealed that manual wheelchair users 
modify their hand patterns in response to different propulsion conditions encountered in 
daily activities, suggesting that it is unlikely that a single optimal propulsion pattern 
exists for all propulsion conditions. In addition, the hand pattern characterization method 
developed for this study has several advantages over previous methods. The method can 
be used not only to objectively classify hand patterns as one of the four commonly 
described pattern types but also to differentiate between patterns of the same type, which 
can be challenging using subjective methods. These quantitative parameters also enable 
improved statistical analyses and clearer illustrations of trends across conditions. 
In Chapter 4, forward dynamics simulations of the four commonly observed hand 
pattern types were developed and used to determine the influence of hand pattern on 
upper extremity demand. The under-rim patterns, DL and SC, produced the most 
favorable levels of overall muscle stress and total muscle power. DL exhibited the lowest 
full-cycle and recovery-phase demand values but required high levels of muscle power 
during the relatively short contact phase. SC exhibited the second-lowest full-cycle levels 
of overall muscle stress and total muscle power, and demand was more evenly distributed 
between the contact and recovery phases. These results suggest that in order to decrease 
upper extremity demand, manual wheelchair users may want to use either the DL or SC 
pattern when propelling their wheelchairs at their self-selected speed on level ground. 
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Each of the studies addressed a research question exploring the relationships 
between muscle weakness, wheelchair propulsion technique and upper extremity 
demand. Together, the results of these studies have provided a scientific basis for 
designing rehabilitation and training programs aimed at reducing the prevalence of upper 
extremity injury and pain among manual wheelchair users. 
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Chapter 6: Future Work 
The studies presented in this dissertation have provided insight into the 
relationships between muscle weakness, wheelchair propulsion technique and upper 
extremity demand. However, there are several opportunities for future work to build upon 
these results. For example, future studies could further investigate the interactions 
between propulsion condition, propulsion technique and upper extremity demand. While 
the results of Chapters 3 and 4 provide some insight into these interactions, the 
simulations in Chapter 4 only analyzed level propulsion at self-selected speed. Detailed 
analyses of simulations during other conditions (e.g., varied speed or grade of incline) 
would further the understanding of why and how individuals adjust their hand pattern. 
Another area of future work involves using predictive simulations of wheelchair 
propulsion to investigate why a manual wheelchair user may select one hand pattern over 
another. Predictive simulations are not produced by tracking experimental data, but 
instead are generated by optimizing an objective function based on task performance, 
such as the minimization of metabolic cost (e.g., Erdemir et al., 2007). Predictive 
simulations can enable systematic examinations of the influence of propulsion variables 
such as cadence, contact percentage, contact angle, propulsion speed and power output on 
hand pattern and upper extremity demand. Compared to experimental methods, predictive 
simulations have the ability to isolate specific variables without the confounding effect of 
other variables changing simultaneously. For example, when an individual is prompted to 
modify one propulsion variable (e.g., via biofeedback), they usually modify other 
variables as well (e.g., Rankin et al., 2012). However, a set of predictive simulations 
could be generated in which the contact percentage is systematically modified while all 
other variables are held constant. Then, any resulting alterations to the hand pattern 
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and/or the levels of upper extremity demand could be precisely attributed to the change in 
contact percentage, which cannot be done in an experimental study. Predictive 
simulations could also be used to examine the influence of different performance criteria 
(i.e., objective functions) on hand pattern. For example, hypothetically a minimization of 
metabolic cost could result in a DL pattern while a minimization of hand jerk (i.e., rate of 
change of the acceleration of the hand) could result in a SC pattern. Such an analysis 
would confirm the important role that the specific performance criterion plays in 
selecting a propulsion technique. 
Another area of future work could be in the quantification of contact forces. 
While Chapters 2 and 4 focused on the influence of muscle weakness and propulsion 
technique on muscle stress and power, additional insights into injury mechanisms could 
be obtained from examinations of joint contact forces, which the current model is unable 
to provide. The current model uses regression equations to calculate musculotendon 
lengths and moment arms based on joint positions, and does not include information 
regarding the orientation of the individual muscle force vectors (Rankin and Neptune, 
2012). Prior to this simplification, the model required a set of complex geometric surface 
constraints representing musculoskeletal structures to calculate muscle paths (Holzbaur et 
al., 2005), which increased computation time by a factor of over 100. However, it may be 
possible to re-enable joint contact force calculation without significantly increasing 
simulation time by developing another set of regression equations that include the force 
vector information, and thus could be an area of future work. 
Future work should also address other limitations of the musculoskeletal model. 
For instance, the current model prescribes trunk and scapular motion and assumes a fixed 
wrist joint. As a result, the model is limited in the information that it can provide about 
these joints. The addition of relevant muscles at these joints could enable investigations 
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into the functional roles of these muscles and their contributions to upper extremity 
demand. Finally, in order to represent handrim contact, the translations of the hand were 
prescribed during the contact phase in lieu of a more detailed contact model. Some 
potential studies would likely benefit from a more complex representation of the initial 
impact of the hand on the handrim and the ability of the hand to grip the handrim. 
However, it should be noted that as with any model, the benefits of any added complexity 
should be carefully considered in light of the additional computational cost and the 
research questions being asked. While the goals of the present studies would not have 
benefited from the added model complexity, these additions could open up additional 
avenues for future research. Therefore, while the studies presented in this dissertation 
provide additional insight into the relationships between muscle weakness, wheelchair 
propulsion technique and upper extremity demand, there is still much potential for future 
work. 
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Appendix A: Supplementary Material for Chapter 2 
 
Figure A.1: Comparison between the ADelt-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
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Figure A.2: Comparison between the MDelt-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
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Figure A.3: Comparison between the Subsc-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase.  
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Figure A.4: Comparison between the Supra-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
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Figure A.5: Comparison between the Infra-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
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Figure A.6: Comparison between the PecMaj-weakened simulation and group-averaged experimental mechanics. 
Experimental and simulation values are represented by solid and dashed lines, respectively. Shaded regions 
represent ± 1 SD of the experimental data. The joint angle plots depict the full cycle, with the end of the contact 
phase indicated with a vertical line. The handrim force plots only depict the contact phase, as values are 
approximately zero throughout the recovery phase. 
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Figure A.7: Comparison between the Lat-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
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Figure A.8: Comparison between the Tri-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
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Figure A.9: Comparison between the Bra-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
 82 
 
Figure A.10: Comparison between the Bic-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
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Figure A.11: Comparison between the Sup-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
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Figure A.12: Comparison between the Pro-weakened simulation and group-averaged experimental mechanics. Experimental 
and simulation values are represented by solid and dashed lines, respectively. Shaded regions represent ± 1 SD of 
the experimental data. The joint angle plots depict the full cycle, with the end of the contact phase indicated with 
a vertical line. The handrim force plots only depict the contact phase, as values are approximately zero throughout 
the recovery phase. 
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Figure A.13: Comparison between muscle excitation timing data from the baseline simulation and values found in the literature 
(Dubowsky et al., 2009; Mulroy et al., 2004; Mulroy et al., 1996; Qi et al., 2013; Rodgers et al., 1994). 
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Appendix B: Supplementary Material for Chapter 3 
 
Figure B.1: Comparison of objective and subjective hand pattern classification results. The vertical axis corresponds to TRT 
and the horizontal axis corresponds to the ratio NRT. Thresholds for the objective classification are depicted with 
the dashed lines at TRT = 0.03m, NRT/TRT = -0.95 and NRT/TRT = 0.95. Regions corresponding to each pattern 
type are labeled with the objective classification. Subjective classification is indicated with the following 
symbols: AR ( ), DL ( ), SC ( ) and SL ( ).
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Figure B.2: Hand pattern parameter values across conditions. The vertical axis corresponds to TRT and the horizontal axis 
corresponds to NRT/NRT. Thresholds for the objective classification are depicted with the dashed lines at TRT = 
0.03m, NRT/TRT = -0.95 and NRT/TRT = 0.95. Regions corresponding with each pattern type are labeled with 
the objective classification. Propulsion condition is indicated as follows: free ( ), fast ( ) and graded ( ). The 
across-subject mean values are indicated with a larger version of the same symbol.
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Appendix C: Supplementary Material for Chapter 4 
 
Figure C.1: Comparison between the simulation and group-averaged experimental mechanics for the arcing pattern (AR). 
Experimental and simulation values are represented by solid and dashed lines, respectively. Shaded regions 
represent ± 1 SD of the experimental data. The joint angle plots depict the full cycle, with the end of the contact 
phase indicated with a vertical line. The handrim force plots only depict the contact phase, as values are 
approximately zero throughout the recovery phase. 
 89 
 
Figure C.2: Comparison between the simulation and group-averaged experimental mechanics for the single loop pattern (SL). 
Experimental and simulation values are represented by solid and dashed lines, respectively. Shaded regions 
represent ± 1 SD of the experimental data. The joint angle plots depict the full cycle, with the end of the contact 
phase indicated with a vertical line. The handrim force plots only depict the contact phase, as values are 
approximately zero throughout the recovery phase. 
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Figure C.3: Comparison between the simulation and group-averaged experimental mechanics for the double loop pattern 
(DL). Experimental and simulation values are represented by solid and dashed lines, respectively. Shaded regions 
represent ± 1 SD of the experimental data. The joint angle plots depict the full cycle, with the end of the contact 
phase indicated with a vertical line. The handrim force plots only depict the contact phase, as values are 
approximately zero throughout the recovery phase. 
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Figure C.4: Comparison between the simulation and group-averaged experimental mechanics for the semi-circular pattern 
(SC). Experimental and simulation values are represented by solid and dashed lines, respectively. Shaded regions 
represent ± 1 SD of the experimental data. The joint angle plots depict the full cycle, with the end of the contact 
phase indicated with a vertical line. The handrim force plots only depict the contact phase, as values are 
approximately zero throughout the recovery phase.
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